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Abstract 
The interaction of OH radical with C60 has been investigated by means of DFT method in order to elucidate the radical scavenge 
mechanism of fullerene. The OH radical was examined as an organic radical because the radical has a high reactivity. The DFT 
calculation showed that the OH radical binds to the carbon atom of C60 and a strong C-O bond is formed. The binding energies 
were calculated to be 36.4 and 35.2 kcal/mol at the B3LYP/6-31G(d) and 6-311G(d,p) levels of theory. The potential energy 
curve plotted as a function of C-O distance showed that the OH radical approaches to the carbon atom without activation barrier. 
Also, it was found that structural change from sp2 to sp3-like hybridization occurs easily by the approach of OH. The unpaired 
electron is distributed widely over the C60 surface in the C60(OH) complex.. 
 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Fullerene has some potential biological effects, e.g. inhibition of HIV protease, antiviral activity, specific 
cleavage of DNA and photodynamic therapy [1], which has attracted considerable attention and has become a 
challenging research field. However, the fullerene is not soluble in water. The fullerol of C60, hydroxyl radical is 
added to C60, is one of the water-soluble fullerene derivatives to be suitable for biological study. 
Electron spin resonance (ESR) spectroscopy and spin-trapping technique have proved that fullerol of C60 can 
efficient scavenge active oxygen radicals such as superoxide radical (O2-) [2] and hydroxyl radical (OH) [3]. Using 
time-resolved technique of laser photolysis, Lu et al. found that fullerol of C60 exists in aqueous solution and fullerol 
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of C60 reacts with the primary irradiated products of water radiolysis [4]. Zeynalov investigated to determine the rate 
constants for addition of radicals to fullerenes [5].  
In the present study, density functional theory (DFT) method is applied to the interaction system of C60 with 
hydroxyl radical (OH). The reaction of radical addition to C60 is investigated using potential energy calculation.  
 
2. Method of calculation 
 
 The C60 fullerene molecule and hydroxyl radical (OH) were examined as a fullerene and radical, respectively. 
The structures of fullerene C60 and OH radical adduct, C60(OH), were fully optimized at the B3LYP/6-31G(d) and 
UB3LYP/6-31G(d) levels of theory, respectively. The atomic charges were calculated using the natural bond 
population analysis (NPA) method at the B3LYP/6-31G(d) level. For comparison, M06 exchange correlation 
functional was used for the calculation of potential energy curve.  
 The excitation energies were calculated by means of time dependent (TD) DFT method, UB3LYP/6-31G(d), 
while ten states were solved for the excited states. All density functional theory (DFT) calculations were carried out 
using Gaussian 03 program package [6]. Previous studies showed that this level of theory give a reasonable 
electronic structure of carbon systems [7-11]. Electron spin operator 
<S2> values of C60(OH) were less than 0.765 at all points.  
 
3. Results 
 
3.1. Structure and electronic states of C60(OH) 
 
The optimized structure of C60(OH) is illustrated in Figure 1 
(upper). The C-OH and O-H distances are calculated to be 1.435 and 
0.972 Å, respectively. The O-H distance of the free OH radical is 
0.983 Å, indicating that the O-H bond is shortened by the addition to 
the surface of C60. An expanded view around C-OH binding site is 
illustrated in Figure 1 (lower). The notation of C0 means the carbon 
atom binding to the OH radical, and those of C1, C2, and C3 mean the 
neighbor carbon atoms of C0.  
The average of C0-Cn (n=1-3 distances of C60(OH) are calculated 
to be 1.543 Å, which is 0.11 Å longer than that of C60 (1.435 Å). The 
average of Cn-C0-Cm angle (n and m=1-3) of C60(OH) is 106.9°, 
which is 13.0° smaller than that of C60. The spin densities on C0, C1, 
C1', C2 and C3 atoms are 0.04, 0.06, 0.46, -0.14, and 0.24, 
respectively. This result indicates that spin density from the OH 
radical is widely distributed around the carbon atom (C0).  
 
3.2. Interaction of C60 with the OH radical 
 
Potential energy curves are plotted in Figure 2 (upper) as a 
function of R(C-OH). Zero level of energy corresponding to 
total energy C60 + OH at the dissociation limit. At 
intermolecular separation of R(C-OH)=3.0 Å, the energy is -
1.4 kcal/mol relative to the dissociation limit. The shape of 
potential energy curve shows that the interaction of OH radical with C60 is attractive in whole region and the energy 
is minimized at R(C-OH)=1.60 Å (the energy is -12.1 kcal/mol relative to dissociation limit). Next, the structure of 
C60(OH) at the minimum point is fully optimized at the B3LYP/6-31G(d) level. The energy is stabilized to -36.4 
kcal/mol and the bond distance is changed from 1.60 to 1.435 Å after the geometry optimization. The dot line 
indicates a schematic potential energy curve when the geometries are optimized as a function of R(C-OH). The 
shape of potential energy curve indicates that the addition of the OH radical takes place without potential barrier. 
The binding energy is 36.4 kcal/mol.  
Figure 1. Optimized structure of C60(OH) 
calculated at the B3LYP/6-311G(d,p) 
level (upper) and expanded view around 
OH addition site (lower). The OH radical 
is added to C0 carbon atom. 
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To check the existence of minimum point, the M06/6-31G(d) calculation was carried out for the potential energy 
curve. The M06 calculation gives the similar curve, although the binding energy of M06 is slightly larger than that 
of B3LYP. 
The spin densities on the oxygen and hydrogen atoms are plotted as a function of R(C-OH) in Figure 2 (lower). 
At the dissociation limit (C60 + OH), the spin densities on the oxygen and hydrogen atoms are 1.03 and -0.03, 
respectively. The spin density of the oxygen atom decreases monotonically as OH approached to C60. For example, 
the values on the oxygen atom at 3.0, 2.5, and 2.0 Å are 0.99, 0.90, and 0.60, respectively. At the minimum energy 
point, the spin density on the oxygen atom is 0.10. The spin density of the oxygen atom is changed to 0.04 after the 
geometry optimization, indicating that almost all spin density of OH is transferred into C60 at the equilibrium point. 
Thus, the spin density on the oxygen atom is drastically varied as a function of distance of OH from C60. On the 
other hand, the spin density on the hydrogen atom is close to zero at all points. 
 
  
 
 
 
The spacial distributions of spin density are 
illustrated in Figure 3. At a long separation, the spin density is located only in the OH radical. The spin is 
delocalized over the C60 and OH radical around r(C--OH)=2.0 Å. The spin is mainly located on the C60 at the 
equilibrium point.  
Figure 2. Potential energy curve plotted as a 
function of distance of R(C-OH), carbon of C60 
and oxygen of OH, calculated at the UB3LYP/6-
31G(d) and M06/6-31G(d) levels (upper). 
Atomic spin densities on oxygen and hydrogen 
atoms of OH radical, and natural atomic charge 
on OH radical (lower). Figure 3. Spacial distribution of spin densities on C60(OH). The positions of OH radical are R=(C-OH)= 
2.75, 2.00, and 1.435 Å. Calculation was carried out at 
UB3LYP/6-31G(d) level.  
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For comparison, the interaction hydroxyl ion (OH-) and C60 is investigated. The binding energy of OH- to C60 is 
calculated to be 103.4 kcal/mol. The total energy of C60(OH-) is 2.83 eV stable in energy than that of neutral radical 
C60(OH). This stabilization is due to the fact that electron affinity of C60 is positive. Therefore, addition of OH- ion 
to C60 is highly exothermic. 
 
3.3. Excitation energies of C60 and C60(OH) 
 
The excitation energies of C60 and C60(OH) were calculated by means of TD-DFT(UB3LYP/6-31G(d)) method. 
The first and second excitation energies of C60 are calculated to be 2.10 and 2.11 eV, respectively. When the OH 
radical is added to C60, the energies are changed to 1.26 eV (1st) and 1.32 eV (2nd). This result strongly indicates that 
the band gap of C60 decreases drastically due to the addition of OH radical. This is due to the fact that new defect 
level is formed by the addition of OH radical.  
 
3.4. Basis set dependence on the structure and energetics 
 
In the present calculations, we used a standard 6-31G(d) basis set throughout. To check the basis set dependency 
on the energetics, the calculations of C60 and C60(OH) were carried out with a more flexible basis set, 6-311G(d,p). 
The geometry optimization of C60(OH) showed that the bond lengths of O-H and C-OH are 0.965 and 1.433 A, 
respectively. The binding energy of OH radical to C60 is 35.2 kcal/mol (6-311G(d,p) basis set), which is comparable 
to 34.6 kcal/mol (6-31G(d) basis set). This result indicates that the B3LYP/6-31G(d) level gives reasonable structure 
and electronic states of C60 system. 
 
4. Summary of the present study 
 
In the present study, the interaction of OH radical with C60 has been investigated by means of DFT method. The 
OH radical can bind to the carbon atom of C60 and a strong C-O bond is formed. The binding energy is calculated to 
be 36.4 kcal/mol at the B3LYP/6-31G(d) level. The potential energy curve plotted as a function of C-O distance 
shows that the OH radical approaches to the carbon atom without activation barrier. Also, it was found that 
structural change from sp2 to sp3-like hybridization occurs easily by the approach of OH. The unpaired electron is 
distributed widely over the C60 surface in the C60(OH) complex. 
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